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In the Chinese ADS front-end demo superconducting radiofrequency linac (CAFe) at the Institute of Mod- 
ern Physics, a burst-noise signal-triggered cavity fault frequently appears during beam commissioning. These 
events are characterized by a rapid burst noise in the cavity pick-up, which may lead to an unexpected low-level 
radiofrequency (LLRF) response that eventually causes a cavity fault. To eliminate the undesirable reaction of 
the LLRF control loop, we propose a method that uses a burst-noise detection and processing algorithm inte- 
grated into the LLRF feedback controller. This algorithm can prevent undesired regulations in LLRF systems. 
Data analysis revealed that some burst-noise events did not exhibit measurable energy loss. In contrast, the other 
events were accompanied by a rapid loss of cavity stored energy and exhibited similarities to the “E-quench” 
phenomena reported in other laboratories. A particle-in-cell simulation indicated that the suspected E-quench 
phenomenon may be related to a plasma formation process inside the cavity. Fortunately, the LLRF algorithm 
is robust to the two different types of burst-noise events and can significantly mitigate the corresponding cavity 


faults in CAFe beam commissioning. 
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I. INTRODUCTION 


At the Institute of Modern Physics (IMP), a proton fa- 
cility called the Chinese accelerator-driven system front-end 
demo superconducting radiofrequency (SRF) linac (CAFe) 
was built to demonstrate the possibility of a 10-mA high- 
power continuous-wave (CW) proton beam for the future 
China Initiative Accelerator-Driven System (CiADS) project 
[1-4]. CAFe is a 162.5-MHz SRF machine operated in the 
CW mode. As shown in Fig. 1, it consists of an ion source, 
a low-energy beam transport line (LEBT), a normal con- 
ducting (NC) radiofrequency quadrupole accelerator (RFQ), 
a medium-energy beam transport line (MEBT), a supercon- 
ducting (SC) half-wave resonator (HWR) accelerator, a high- 
energy beam transport line (HEBT), and a beam dump [1]. 
A total of 23 SC HWR cavities, with different optimizing 
B (v/c) values of 0.1 and 0.15 (HWR010 and HWR015), 
were assembled in four cryomodules (CM, to CM4). The 
18 HWRO10 cavities, which are denoted as CMyy_n (where 
M and N represent the number of cryomodules and the or- 
der of the cavity in each cryomodule, respectively), were in- 
stalled in three identical cryomodules. Five HWRO15 cavities 
(CM4_; to CM4_5) were installed in cryomodule CM, [3]. 
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Table 1 presents the main RF parameters of the six cavities in 
cryomodule CM3. 

Availability and reliability are issues of concern for SRF- 
based applications, such as light-source linacs, to satisfy user 
expectations. For CiADS (and CAFe), reliability and avail- 
ability studies are crucial. According to the operational ex- 
pertise of SRF accelerator facilities worldwide, RF and cav- 
ity faults account for the majority of beam trips. Typical fault 
mechanisms include microphonics, transient beam loading, 
thermal quenching, helium fluctuations, and cavity defects 
associated with field emission (FE) [3, 5-11]. In particular, 
one type of cavity fault event, which is characterized by rapid 
(e.g., < 7 us) and large burst noise appearing in the cavity 
pick-up, is one of the dominant trips at CAFe. 

A burst-noise signal appeared in the pick-up probe for the 
four SRF cavities (CM3_1, CM3_3, CM3_5, and CM3-6 
(see Fig. 1), when the same cryomodule was used. Previ- 
ous studies indicated that the burst noise at CAFe involves 
FE-initiated discharge on the RF ceramic window surface 
[12, 13]. In Ref. [12], these events were attributed to an 
electron trapping and energy localization process in insulat- 
ing materials and recognized as “flashover” events. Sus- 
picious burst-noise signals are common and may appear in 
many facilities. For example, the Shanghai Synchrotron Ra- 
diation Facility (SSRF) reported a cavity fault caused by an- 
other type of burst noise (known as “arc” in SSRF) [14]. This 
phenomenon was interpreted as a multipacting arc in the re- 
gion of the waveguide coupler. Additionally, Diamond Light 
Source reported burst noise (known as “cavity probe blips” in 
Diamond) in the cavity pick-up of two SRF cavities [15, 16]. 
This phenomenon was attributed to the electronic behavior 
of the cavity probes in Diamond. Although the formation 
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TABLE 1. Radiofrequency (RF) parameters of SC cavities in CM3 for 8-mA CW beam operation. 
Cavity CM3_1 CM3_2 CM3_3 CM3_4 CM3_5 CM3_6 
Cavity loaded Q (QL) 4.9 x 10° 3.2x 10° 4.6 x 10° 4.7 x 10° 4.2 x 10° 9.0 x 105 
Cavity half-bandwidth (fo.5) [Hz] 166 256 176 173 193 90 
Cavity peak gradient (Epeak) [MV/m] 26 28 26 28 23 23 
Transit time factor (TTF) 0.76 0.75 0.74 0.72 0.71 0.70 
Synchronous phase (s) [deg] -34 -20 -20 -20 -20 -40 
Normalized shunt impedance (r/Q) [Q] 225 
Vol Epeak [m] 0.038 
Epeak/Eace 5.71 
Bpeak/Eacc [mT/(MV/m)] 12.52 
Maximum available power of RF source [kW] 20 
Power required for 8 mA beam operation [kW] 5.5 7.5 5.9 6.4 5.0 3.7 
Dump 
g HWR010 HWR015 


CM1-6 CM2-1 


CM2-6 CM3-1 .. 


Fig. 1. (Color online) Layout of the CAFe facility. The NC and SC sections are marked in the figure. Two types of HWR superconducting 
cavities (HWR010 and HWR015) are mounted in four cryomodules (CM1 to CM4). The cavities CM3—1, CM3-3, CM3—5, and CM3—6 are 


marked by yellow triangles. 


while, the loop gain during the period of the burst noise de- 
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Fig. 2. (Color online) Waveforms of the RF pulse under RF condi- 
tioning in the cases (a) without E-quench and (b) with E-quench. 


mechanisms for these burst noises may differ, one aspect is 
common: rapid and large changes in the cavity pick-up. The 
burst-noise signal can confuse the low-level radiofrequency 
(LLRF) control system, leading to undesired reactions that 
eventually trip the cavity. 

The SSRF decreased the operation gradient to mitigate this 
type of cavity fault; however, this was at the expense of the 
accelerator’s capability [14]. In CAFe, we added a cap to 
cover the pick-up coupler in 2019, and the burst-noise events 
were mitigated by 2020 [12, 13]. However, in the 2021 beam 
commissioning, many burst-noise events appeared in the cav- 
ity pick-up after the cavities were operated with a higher gra- 
dient. In Diamond, a 50-kHz filter was added to the LLRF 
control loops to suppress the burst noise (probe blips). Mean- 


strated the algorithm in CAFe RF and beam commissioning, 
and the burst-noise events did not trip the cavity, owing to the 
proposed LLRF algorithm. 


By further inspecting the data with burst-noise events, we 
were surprised to see that some events did not have measur- 
able changes in the actual cavity voltage (V.), but other events 
were accompanied by a sudden (7 us) drop of Ve. The cavity 
stored energy W can be calculated as follows [17]: 


V- 
o(r/Q) ’ 


where wo and r/Q represent the cavity resonant frequency 
and the normalized shunt impedance, respectively. Because 
wo and r/Q are approximately invariant at the us scale, the 
Ve drop corresponds to an energy loss. Events without energy 
loss are consistent with the flashover phenomena described in 
Ref. [12]. However, other events with energy loss are un- 
explained. Similar phenomena with complete rapid energy 
loss, which are referred to as E-quench, have been reported 


W= (1) 


in many facilities, such as KEK [18], JLAB [19], and DESY 
[9]. In CAFe, we also observed suspected E-quench phenom- 
ena during pulsed RF conditioning on CM3_5 [3]. In Fig. 2, 
RF pulses with and without the suspected E-quench phenom- 
ena are presented. The stored cavity energy was completely 
lost in 1 us [see Fig. 2(b)]: In this study, we suspect that a 
burst-noise event with partial energy loss is a type of mini-E- 
quench. Fortunately, the proposed LLRF algorithm is robust 
to the two different burst-noise events. 


I. LLRF AND ALGORITHM 


Figure 3 presents the waveform of the burst noise in CAFe. 
Two typical burst-noise patterns were observed. Although the 
duration and shape differed, these burst-noise signals were 
large enough to confuse the LLRF system and lead to an un- 
desired proportional—integral (PI) FB loop reaction. Details 
regarding the field-programmable gate array (FPGA)-based 
LLRF system can be found in. [5, 20]. A burst-noise detec- 
tion and processing module was built into the LLRF control 
loops, as shown in Fig. 4. This module aimed to remove the 
cavity faults induced by burst noise, which is discussed in de- 
tail in this section. An embedded Linux system was installed 
on an ARM chip integrated into the FPGA. The Experimental 
Physics and Industrial Control System (EPICS) was installed 
on the Linux system to achieve data acquisition. 


Initially, we followed the activities of Diamond and consid- 
ered applying a digital low-pass filter to suppress burst noise. 
Two additional low-pass filters Hg(s) = a?/(s + a)? were 
introduced in the LLRF control loops (after the CORDIC 
module in Fig. 4). The parameter a was used to regulate 
the filter bandwidth. The simulation results are presented 
in Fig. 5. As shown, the filters improved the signal qual- 
ity—particularly for the amplitude loop. The amplitude fluc- 
tuation was reduced to +5% in the presence of the filter with 
a 20-kHz 3-dB bandwidth. However, the phase fluctuation 
remained larger than 40° under the same conditions. This in- 
dicated that the phase may be flipped by 180° even with a low 
FB gain of 5. Therefore, the risk of an RF trip on the reflected 
power remains. 


In addition, we investigated the impact of the filter on the 
gain margin by checking the open-loop Bode plots. In CAFe, 
the cavity half-bandwidth (fo.5) is far smaller than those of 
the other RF components in the control loop. In our case, the 
cavity itself contributes only to the dominant poles. Further- 
more, we assume that there is no coupling between the control 
objects [i.e., the cavity detuning (Af) is well compensated, 
and the loop phase is well calibrated]. Under these assump- 
tions, the open-loop transfer function of the LLRF system 
without a filter (Hı) and with a filter (H2) can be simplified 


as 


2m fo.s - Gore 148 


Hı = ; 
i s +27 fo.s5 
a? (2) 
(2 eee 
a (s +a)?’ 
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The open-loop Bode plots in Fig. 5(b) indicate that the fil- 
ter significantly reduced the PM in FB control with a lower 
bandwidth. 


TABLE 2. Control parameters for the simulation in Fig. 5(b). 


Item Value 
Loop gain, Go) 50 
Loop delay, Ta (js) 1.5 


Cavity half-bandwidth, fo.5 (Hz) 176 


The simulation study indicated that the low-pass filter can 
attenuate noise but creates new problems. In this section, we 
propose a “ burst-noise detection and processing” algorithm. 
Because the burst-noise signal is typically characterized by 
large and rapid changes in the cavity pick-up signal, it can 
be detected by applying a simple digital differentiator in the 
LLRF loop, as shown in Fig. 6(a). The differentiator is used 
to compute the difference between successive pick-up signal 
samples. If the absolute value of the difference signal exceeds 
a predefined threshold, a burst-noise trigger signal (T1) is ac- 
tivated and maintained for a time interval AT. In our case, 
the time period AT is typically set as 15 us, which is longer 
than the duration of burst noise (which is generally 10 js). 
Determination of the threshold value is another critical issue. 
This value cannot be too small; otherwise, accidental random 
analog-to-digital converter (ADC) noise can be falsely iden- 
tified as burst noise. Conversely, if the value is too large, the 
LLRF system has already responded unexpectedly. In CAFe, 
the threshold is selected to be approximately 10 times the typ- 
ical ADC noise amplitude. 

A large error signal was sent to the PI FB controller when 
burst-noise events occurred, leading to an unexpected loop 
response and eventually causing a cavity fault. A burst-noise 
processing model is integrated into the PI controller to avoid 
system collapse. As shown in Fig. 6(b), the trigger “T1” first 
turns switch “S1” to the upper position to prevent the arrival 
of the large errors arising from the burst-noise events. In this 
case, the input of the PI controller is connected to a zero regis- 
ter. This activity can prevent unwanted data accumulation of 
the accumulator “ACC” in the I controller. However, part of 
the error signal can enter the PI controller before the trigger is 
emitted (see Fig. 7). To solve this problem, another switch, 
i.e., “S2,” is temporally switched to a latch (upper position) 
until the trigger “T1” returns to O state. The latch circuit al- 
ways retains the data from the PI output data of 0.8 jus prior 
to the rising edge of the burst-noise trigger. Meanwhile, the 
value in the accumulator “ACC” is replaced by the data in the 
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Fig. 3. (Color online) Comparison of the two different burst-noise patterns measured by the LLRF system with a sampling frequency of 1 
MHz under feedback (FB) loop control (in the case with the presented “burst-noise detection and processing” algorithm, which is discussed 
later in this paper). The waveforms of these two burst-noise patterns measured using an oscilloscope with a high sampling rate (1.25 GHz) 


can be found in Ref. [3]. 
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Fig. 4. (Color online) Schematic of the digital LLRF system in CAFe. A burst-noise detection and processing algorithm is integrated into the 


LLRF control loops (see Fig.6 for details). 


latch (Udelay). When the trigger “T1” returns to 0, which in- 
dicates that the event is ending, the switches “6S1” and “S3” 
return to their normal states (i.e., the lower position). For clar- 
ity, Fig. 7 shows a schematic of the fault-handling process. 


Although the algorithm cannot distinguish the different 
burst-noise patterns presented in Fig. 3, it is robust against 
these two patterns and can achieve stable accelerator opera- 
tion. 


Il. EXPERIMENTAL RESULTS 


To validate the proposed algorithm, we selected cavity 
CM3-1, which is most significantly affected by burst-noise 
events. For safety, we first operated CM3_1 with a peak gra- 
dient of 26 MV/m in the absence of a beam. The parameter 
AT in the algorithm was set to 15 pus. 

Figure 8 presents a comparison of the closed-loop perfor- 
mance with and without the proposed algorithm. Figure 8(a) 
shows the amplitude and phase of the cavity pick-up sig- 
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Fig. 5. (Color online) (a) Comparison of the raw and filtered burst-noise signals. The filters used were 2"‘-order infinite impulse response 
filters with the same form Hy but different 3-dB bandwidths. The burst-noise-induced amplitude fluctuation was reduced to +5% in the 
presence of the 20-kHz filter. However, the phase fluctuation remained larger than 40°. (b) Comparison of the open-loop Bode diagrams for 
the cases without filters and with filters of different 3-dB bandwidths. For clarity, the frequency response of the 20-kHz 2nd-order filter is 
shown as well. The filters significantly affected the system phase-margin (PM) values, which are marked in the phase diagram. 
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Fig. 6. (a) Schematic of the burst-noise detection algorithm. (b) 
Schematic of the burst noise processing algorithm. 


nal with and without the proposed algorithm, and Fig. 8(b) 
shows the corresponding PI outputs. First, we fed the sys- 
tem without an algorithm. The burst noise led to undesired 
PI regulation and eventually tripped the cavity (indicated by 
black). Next, we activated the algorithm and evaluated its per- 
formance. When burst noise was detected, the PI regulation 
was immediately suspended for 15 jus (indicated by red). The 
overall response process was consistent with the schematic 
presented in Fig. 7. 

Additionally, we validated the proposed algorithm in the 
presence of a beam. We activated the algorithm and operated 


CAFe with an 8-mA CW beam continuously for 108 h. The 
RF parameters are presented in Table 1. The gradients of cav- 
ities CM3_1, CM3_3, CM3_5, and CM3_¢ were limited by 
frequent burst-noise interference. Furthermore, the gradient 
of cavity CM3_5 was limited by the E-quench at approxi- 
mately 25 MV/m, although the reason remains unclear. The 
gradient of cavity CM3_¢ was limited by thermal breakdown 
at approximately 27 MV/m. During the beam commission- 
ing, we reduced the peak cavity gradients of these two cavities 
to 23 MV/m to achieve safe beam operation. The loop gains 
of the LLRF system were set between 30 and 60 (depend- 
ing on the cavity half-bandwidth) to ensure a gain margin of 
> 20 dB and a closed-loop bandwidth of approximately 10 
kHz. RF faults were not observed after the implementation 
of the proposed algorithm. Figure 9 presents the RF stability, 
the beam current signal, and the corresponding burst-noise 
trigger signal for cavity CM3_, over 24 h. 


As discussed in Sect. IV, certain burst-noise events (1.e., 
mini-E-quench events) take cavity stored energy and lead to 
field drops. In practice, to ensure uninterrupted 8-mA beam 
operation, we set a relatively loose threshold for the maxi- 
mum tolerable burst noise-induced RF fluctuation (20 jus after 
the burst noise passes away). The threshold is 2.5 MV/m for 
the field amplitude and 2.5° for the phase. If the burst noise- 
induced amplitude and phase changes are below the thresh- 
old, the LLRF interlock is not sent out, and the beam is op- 
erated without suspension. Because the RF source rapidly 
compensates for the field drop with a typical timescale of 200 
us, the beam loss caused by these types of burst-noise events 
is acceptable. Fortunately, the cryogenic load challenge was 
absent in the field drop process of CAFe. A rapid change in 
the cavity field leads to an increase in Lorentz force detuning, 
which affects the cavity phase [21]. This phenomenon was 
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Fig. 7. (Color online) Principle of the burst-noise detection and processing algorithm. When the LLRF system detects the burst-noise events 
(indicated by the red square), a burst-noise trigger is immediately emitted and is held for a time interval of AT. The PI output of upr is 
overwritten by Udelay (the blue square on the left side), which retains the data from upr 0.8 jus prior to the rising edge of the burst-noise 
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Fig. 8. (Color online) Performance of the proposed burst-noise detection and processing algorithm. (a) Amplitude and phase of the cavity 
pick-up signal in the cases with (red) and without (black) the proposed algorithm. (b) Amplitude and phase of the LLRF output in the cases 


with (red) and without (blue) the proposed algorithm. 


observed at CM3_3 and CM3_.. Nevertheless, availabilities 
of 94% for the CW beam and 98% for the SRF cavity were 
achieved in CAFe beam commissioning. As indicated by its 
success in CAFe, this algorithm can be extended to other CW 
accelerators that suffer from burst-noise perturbation. 


Figure 10 shows the overall number of burst-noise triggers 
over 108 h. It was found that cavities CM3_; and CM3_5 
frequently triggered burst noise. However, LLRF interlock 
signals were rare. This indicated that most of the ampli- 
tude and phase fluctuations caused by the burst-noise events 
were below the given threshold, which is clarified in Fig. 14 
and Sect. V. To investigate the relationship between the oc- 
currence rate of burst-noise events and the cavity gradient, 
we temporarily increased the cavity gradient by several mil- 
livolts per meter and examined the increment in burst-noise 


events. The results are shown in Fig. 10. The occurrence 
rate of events increased with the cavity gradient. This result 
motivated us to correlate the initial mechanism of burst-noise 
events with the FE. 


IV. DISCUSSION 


Through the proposed LLRF algorithm, the cavity faults 
induced by the two different types of burst noise were elimi- 
nated. Thus, it is possible to further analyze the fault data and 
investigate the possible intrinsic physical mechanisms. Al- 
though the cavity pick-up may be polluted by burst noise and 
cannot reflect the actual cavity field, it is possible to recon- 
struct the actual V, with other clean signals. For example, 


8.5 
T 
E 8 
= 
oO 
a 
7.5 ; z 5 
00:00 06:00 12:00 18:00 00:00 
A 
= 
3 ON 
g 
5, 
5 OFF f 
= 26.4 2 
3 oe 
5 2 z 
E 26.35 3 E 
e (0) = 
a -26.3 % 5 
a 193 3 
J015 5 
nin A 
4-015 9 
4-0.3 £ 
i i i T 
00:00 06:00 12:00 18:00 00:00 


Mar 05, 2021 


Fig. 9. (Color online) Long-term operation of cavity CM3—1 dur- 
ing the beam commissioning. The blue spike signals indicate the 
burst-noise events (ON: burst-noise signal appears). The missing 
samples in the signal are mainly caused by LLRF data communi- 
cation failure. According to the recorded data of the cavity field, 
the cavity faults are effectively removed. Spikes are observed in the 
beam current signal (upper plot), but they are not correlated with the 
burst-noise events. 
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Fig. 10. (Color online) Occurrence rate of the burst-noise events in 
four of the SC cavities at CAFe. 
according to Refs. [20, 22-24], 
Ve=Vt+V, . (3) 
Here, the actual V; and V, can be calibrated from the mea- 


sured cavity forward and reflected signals (V;* and V,*) as 
follows: 


V = XV +YVŽ . (4) 
According to the algorithm described in Refs. [20, 23], the 


two complex constants X and Y can be calibrated using the 
waveform data from the pulsed mode. Figure 11 presents a 


comparison of the measured V, and reconstructed V, values, 
and the results indicate good consistency. The actual cavity 
gradient can be calibrated using the known X and Y. Fig- 
ure 12 shows a comparison of the calibrated V, and measured 
Ve values for the two types of burst-noise events. The cav- 
ity gradient remains stable in Fig. 12(a) but significantly 
decreases in Fig. 12(b). 

The energy loss shown in Fig. 12(b) is gradually compen- 
sated for by LLRF FB. The cavity Q; and cavity detuning 
(Aw) can be estimated in this power filling process using the 
formula 


d| Vel 
WO.5 = a ’ L= ARE 
2|V;|cos(0 = p) z [Ve] 2wo.5 (5) 
Ag — od _ wos ([2Vil)sin(@— o) 
dt Ive] ' 


where 0 and ¢ represent the phases Ve and V;, respectively. 
The parameters wrr and wo.5 represent the RF frequency and 
cavity half-bandwidth, respectively. Figure 13(a) shows the 
calibrated Qr, obtained using the waveform data from Fig. 
12(b). The Q; of approximately 9 x 10° in Fig. 13(a) is con- 
sistent with the Qr measured from the field decay curve when 
the RF was turned off. Because the cavity gradient changes 
rapidly, Lorentz force detuning may appear after the event, as 
shown in Fig. 13(b). The detuning frequency was approxi- 
mately 200 Hz, which was consistent with that of the cavity 
mechanical modes. This finding confirms that the actual en- 
ergy was partially lost in the event presented in Fig. 12(b). 
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Fig. 11. (Color online) Comparison of measured Vs and calibrated 
Ve values obtained using V and V," for cavity CM3_5. 


Further data analysis indicated that all the cases shown in 
Fig. 3(a) exhibited no gradient drop, but all the cases in Fig. 
3(b) involved the gradient drop. As reported in Ref. [12], the 
events shown in Fig. 3(a) are flashover phenomena that in- 
volve discharge on the surface of the RF ceramic window of 
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Fig. 12. (Color online) Separation of actual V, from the cavity pick-up merged with the burst-noise signal in the case with the proposed 


algorithm under FB control. 
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Fig. 13. (Color online) (a) Calibration of the cavity loaded Q (Qx) 
using the waveform data from the energy filling time. The calibrated 
Qt was approximately 9 x 10°, which is consistent with the QL 
extracted from the field decay curve. (b) Cavity detuning (caused by 
rapidly changing cavity gradient) before and after the mini-E-quench 
event. The ~200-Hz fluctuation is consistent with one of the cavity 
mechanical modes. 


the pick-up coupler. Because the pick-up coupler is located 
in an area with a low energy density, this discharge in the RF 
window does not consume the cavity energy. The interpreta- 
tion in Ref. [12] is consistent with the event characteristics 
shown in Fig. 3(a). For the events in Fig. 3(b), we considered 
the possibility of attrition of the phenomena to the discharge 
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Fig. 14. (Color online) Phase of the dark current as a function of 
the dark current-induced field loss. The plots for the four cavities in 
which the mini-E-quench events appeared obey similar rules. 


TABLE 3. Characteristics of E-quench, mini-E-quench, and 
flashover. 
Item Epeak range (MV/m) Gradient loss Burst-noise duration (um) 
Flashover 15 ~ 20 Negligible ~ 4 
Mini-E-quench 20 ~ 25 2% ~ 20% ~7 
E-quench >30 100% ~l 


behavior inside the cavity. Similar phenomena with a sud- 
den and complete loss of the cavity stored energy have been 
recorded in many facilities, such as KEK, JLAB, DESY, and 
CAFe. JLAB called this phenomenon “E-quench” and inter- 


preted it as the effect of releasing a large number of electrons 
inside the cavity, which absorb the cavity energy. The events 
with partial cavity energy loss exhibited similar behavior to 
the E-quench phenomena. Owing to the lack of sufficient 
direct evidence, we hypothesize that the phenomena in Fig. 
3(b) indicate the electron emission behavior inside the cavity. 
In this paper, we categorize burst-noise events with partial en- 
ergy loss as “mini-E-quench”. According to our experience 
with CAFe, we summarize the characteristics of flashover, 
mini-E-quench, and E-quench in Table 3. 

The abnormal electrons emitted inside the RF cavity are 
typically referred to as dark current. The dark-current- 
induced RF transient shown in Fig. 12(b) can be inter- 
preted as a type of beam loading. It is possible to extract 
beam information (i.e., beam current and beam phase) from 
the beam-induced RF transient (see Appendix A) [23, 25-27]. 
Figure 14 shows a comparison of the phases of the dark cur- 
rent as a function of gradient loss in the four cavities with 
burst-noise events. Interestingly, the plots of all events indi- 
cate similar distribution patterns that appear to be indepen- 
dent of the cavity. The reason for this phenomenon remains 
unclear. Because the mini-E-quench events never appeared 
in cavities CM3_» and CM3_ 4 or in the cavities mounted in 
other cryomodules (except for CM3), it is not presumed that a 
dark current on a cavity upstream was transmitted to the cavi- 
ties downstream. Further analysis of the dark current-induced 
transient suggested that the dark current probably had a two- 
peak shape (a large peak followed by a smaller peak). A de- 
tailed analysis is presented in Appendix A. 

To further investigate the possible source of the dark cur- 
rent, a particle-in-cell (PIC) simulation was performed in the 
HWRO10 cavity using CST Particle Studio. The simulation 
results indicated that the mini-E-quench phenomenon was 
mostly linked to plasma-formation events inside the cavity 
(see Appendix B). 


V. OUTLOOK 


Another possible solution to the burst-noise issue is to re- 
place the polluted cavity pick-up signal with the calibrated Vg 
signal (i.e., Ve = XV," + YV,*) in the FPGA. As shown in 
Fig. 12, burst noise did not appear in the calibrated signal. 
Therefore, the burst-noise processing algorithm in Fig. 6 is 
generally not required. Another advantage of this method is 
that we can directly identify suspected mini-E quench events 
by appropriately modifying the burst-noise detection algo- 
rithm. The calibration factors X and Y may be affected by 
other quantities, such as the cavity forward power or temper- 
ature drift, but this is beyond the scope of the present study. 

The hypothesis regarding mini-E-quench and flashover 
presented in Sect. IV lacks direct evidence. Therefore, a fast 
radiation detector is necessary. Several activities can be per- 
formed in future studies to confirm our hypotheses. One pos- 
sible solution is to replace the current pick-up coupler with a 
magnetic coupling pick-up coil in a high-magnetic field area 
that is far from the high-electric field area. The electron and 
ion bombardment rates in the pick-up coupler may be signif- 


icantly reduced, and the burst-noise issue may be mitigated. 


VI. CONCLUSION 


In CAFe, two different types of burst-noise signals con- 
fuse the LLRF system, leading to an undesired reactions and 
eventually causing cavity fault. We developed a burst-noise 
detection and processing algorithm and integrated it into the 
LLRF control loop to avoid undesired LLRF FB regulation. 
Data analysis indicated that one type of burst-noise event is 
associated with significant gradient loss, whereas the other 
type is without gradient loss. We categorized the burst-noise 
events as flashover (without energy loss) and mini-E-quench 
(with partial energy loss) accordingly. The proposed algo- 
rithm eliminated cavity faults caused by both types of burst 
noise in CAFe beam commissioning. Further analysis indi- 
cated that the gradient loss in the mini-E-quench event and the 
corresponding dark-current phase obeyed the specified distri- 
bution rules. The reasons for this phenomenon remain un- 
clear. A PIC simulation suggested that the mini-E-quench is 
probably linked to a plasma-formation event. 
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IX. APPENDIX 
A. Appendix A: Approach for characterizing dark current 


We can obtain the beam information according to the 
beam-induced RF transient. This principle is explained in 
Fig. 15. The amplitude and phase of the transient field 
induced by the beam are shown in Fig. 15(a). The short 
blue lines represent the cavity field before the beam arrival. 
The red line represents the beam-induced transient when the 
beam passes through the cavity. The short green lines depict 
the case where the beam ends. The cavity field is a super- 
position of the generator-induced field and the beam-induced 
field within this moment. Accordingly, the beam transient 
vector was geometrically added to the cavity field in Carte- 
sian coordinates. The beam phase (œp) can be obtained by 


computing the angle between V, (the moment before the ar- 
rival of the beam) and the beam transient vector, i.e., AVing 
[see Fig. 15(b)]. Additionally, the length of AVing is directly 
proportional to the beam intensity. 
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Fig. 15. (Color online) Principle for characterizing the beam phase 
using a beam-induced transient signal. (a) Amplitude and phase of 
the cavity field with the beam-induced transient. (b) Cavity voltage 
in Cartesian coordinates. The red arrow indicates the beam transient 
vector. 


Figure 16(a) shows the amplitude and phase (A/P) wave- 
form of the peak gradient on CM3_3 for four different mini- 
E-quench events. The corresponding I[/Q components in 
Cartesian coordinates are shown in Fig. 16(b). The phase 
between the dark current and the cavity field can be calibrated 
using the aforementioned method. AVjng can be obtained by 
fitting a linear equation to the RF transient: 


The dark-current profile can be roughly estimated from the 
dark current-induced transient using the cavity differential 
equation [17, 23, 28] 


dV, 
dt 


+ (wo.5 — tAw)Ve = wo.5(2Vi+ 2%) , © 


where V; and V, represent the forward and current-induced 
voltages, respectively. To increase the signal-to-noise ratio of 
the waveform data, we deliberately selected a mini-E-quench 
event that caused a gradient loss of 9 MV/m in cavity CM3_3 
(not shown in Fig. 14). The estimated current profiles are 
shown in Fig. 17. Interestingly, the dark current exhibited 
a two-peak shape (a larger peak followed by a smaller peak). 
The maximum dark current during this event was approxi- 
mately 2.4 A. In this calibration, we used a transit time factor 
of 0.7, which is the optimized value for the HWRO10 cavity. 
The actual peak dark current should be > 2.4 A (because the 
speed of the electrons changes on a large scale). The data 
analysis indicated that for all the events in Fig. 14, the dark 
currents had similar two-peak shapes with different phases 
and intensities. 
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B. Appendix B: PIC simulation 


When the HWRO10 cavity was operated at its fundamental 
mode frequency, the maximum electric field was located in 
the inner conductor, as shown in Fig. 18(a). Therefore, elec- 
trons were most likely emitted from the inner conductor, as 
shown in Fig. 18(b). The emitted electrons are then acceler- 
ated in the electric_field and collide with the outer surface of 
the cavity. In the CST PIC solver, we selected a face emitter 
in the inner conductor. The field-emitted current density, i.e., 
JFE, conforms to Fowler-Nordheim (FN) theory [29, 30] and 
can be expressed as 


941.5 
—0.5 6.53x109¢ 
—6 4.52¢ 2 : = 
1.54 x 107° x 10 BEN Escos(#REt) | Bey [Bycos(wRFt)] , 
e 


JFE 

(7) 
where parameter ¢ represents the work function of the mate- 
rial in eV (for niobium, ¢ = 4.3 eV), E represents the surface 
electric field. The parameter (py is the enhancement factor, 
which describes the ratio of the local electric field to the av- 
erage surface field. In the PIC simulation, we selected two 
enhancement factors: Grn=130 and Gpn=1000. In Fig. 19, 
the dark blue curve shows the distribution of the initial field- 
emitted current. The red curve indicates the current at which 
the emitted electrons collide with the outer conductor. The RF 
field was also plotted, for comparison. As shown in Fig. 19, 
the maximum phase between the FE current and RF was ap- 
proximately 12°. This is inconsistent with the results pre- 
sented in Fig. 14, which indicate a dark-current phase be- 
tween 15° and 50°. 


Another possible source of the dark current is plasma for- 
mation. The FE current ionizes the absorbed gas, and a 
dense plasma sheath is formed around the emitter on a short 
timescale (sub-microsecond). This process is consistent with 
the arcing mechanism in an RF device [31]. The plasma cre- 
ates an electric field on the local RF surface that can reach 
GV/m levels [32], making it far stronger than the RF field 
(e.g., Epeak <30 MV/m in CAFe). The FE current increases 
exponentially with an increase in the field strength. Here, the 
dark current is mainly contributed by the field-emitted elec- 
trons (on the local RF surface) and ions in the dense plasma. 
The current density (which is limited by the space charge ef- 
fects) can reach 101? A/m?. As shown in Fig. 14, the esti- 
mated dark current was approximately 0.1~ 1 A, correspond- 
ing to an emissive area of 0.1~ 1 jum?, which is consistent 
with Refs. [31, 33]. Many smaller droplets and debris are 
ejected and randomly distributed near the FE site with the 
explosion of the original emitters (e.g., projection and parti- 
cles) on the RF surface. The smaller droplets and debris may 
create a new plasma cloud and trigger a secondary chain of 
events. The two peaks in Fig. 19 may correspond to two suc- 
cessive plasma-formation events. The main peak was caused 
by the explosion of the original emitter. In contrast, the sub- 
peak was probably due to the second plasma-formation event 
related to the smaller debris created by the explosion of the 
original emitters. Finally, the electrons and positive ions from 
two successive plasma-formation events may collided with 
the pick-up antenna. Consequently, the cavity pick-up sig- 
nal rapidly jumped up and down. According to the foregoing 
analysis, we conclude that the mini-E-quench events are most 
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Fig. 16. (Color online) (a) Calibrated amplitude and phase waveform of the cavity field of CM3~_3 for the four different mini-E-quench 
events. (b) Corresponding in-phase and quadrature (I /Q) components in Cartesian coordinates. 
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induced transient. 
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Fig. 19. (Color online) Initial FE current (dark blue) versus the FE current when the electrons collide with the outer conductor for (a) GeN=130 
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